The VV10 and rVV10 nonlocal correlation functionals are consistently implemented and assessed, with the goal of determining if the rVV10 nonlocal correlation functional can replace the VV10 nonlocal correlation functional in the recently-developed B97M-V density functional, to give the B97M-rV density functional. Along the way, four density functionals are simultaneously tested: VV10, rVV10, B97M-V, and B97M-rV. An initial assessment is carried out across the S22 dataset, and the short-range damping variable, b, is varied for all four density functionals in order to determine the sensitivity of the functionals to the empirical parameter. The results of this test indicate that a value of b = 6 (fortuitously the same as in B97M-V) is suitable for B97M-rV. The functionals are then compared across an extensive database of interaction energies, and it is demonstrated that B97M-rV either matches or outperforms B97M-V for all of the tests considered. Finally, the optimization of b across the S22 dataset is extended to two range-separated hybrid density functionals, ωB97X-V and ωB97M-V, and a value of b = 6.2 is recommended for both ωB97X-rV and ωB97M-rV. In the past decade, the focus of density functional development and benchmarking has expanded from thermochemical properties such as atomization energies to a wide variety of diverse energetics such as isomerization energies, barrier heights, excited states, and noncovalent interactions. The latter has certainly received the most attention 1 , and the literature contains numerous prescriptions for correcting existing functionals 2, 3 (e.g., B3LYP-D3 and B3LYP-NL) and parameterizing dispersion-corrected functionals 4,5 (e.g., B97-D and B97M-V), as well as an abundance of useful benchmark a) Electronic
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While damped atom-atom potentials 2,4,8 , such as DFT-D2 and DFT-D3, are certainly more commonplace, nonlocal correlation functionals 9,10 (NLCF) such as vdW-DF2 and VV10 have been gaining popularity recently, because they have more physical content, fewer empirical parameters, and the potential of being significantly more accurate. The VV10 NLCF was originally paired with rPW86 exchange 11 and PBE correlation 12 to give the VV10 density functional 10 . Since the NLCF and the density functional both have the same name, the former will be referred to either as -V (analogous to Grimme's -D) or the VV10 NLCF, and the latter as VV10. The VV10 NLCF has since been parameterized onto semi-local (BLYP, revPBE, PBE, TPSS), hybrid (LC-ωPBE08, B3LYP, B3PW91, revPBE0, revPBE38, PBE0, TPSS0), and even double hybrid density functionals 3,13,14 . The VV10 NLCF is a critical component of three combinatorially optimized, semi-empirical density functionals 5, 24, 25 : ωB97X-V, ωB97M-V, and B97M-V. The lattermost has a semi-local parent functional, and can potentially be very useful for solid-state calculations. Since B97M-V is very accurate for non-covalent interactions compared to most existing density functionals, it is important to verify that replacing -V with -rV in B97M-V does not lead to a significant degradation in accuracy. This is of immediate relevance to recent work in the ONETEP linear-scaling electronic structure package 23 , where an efficient implementation of B97M-rV has recently been accomplished, allowing the application of this functional to systems containing thousands of atoms 26 . The rest of this letter focuses on defining and assessing B97M-rV relative to B97M-V, along with VV10 and rVV10. In addition to the S22 dataset 6 , the functionals are compared across the extensive database of interaction energies from Reference 25.
I. COMPUTATIONAL DETAILS
The def2-QZVPPD basis set is used for all calculations without counterpoise corrections. A (99,590) grid (99 radial shells with 590 angular grid points per shell) is used to calculate the contribution from local and semilocal exchange-correlation functionals, while the SG-1 grid 27 is used to calculate the contribution from the VV10 nonlocal correlation functional.
The database 25 used to assess the functionals in this benchmark is constructed from 84 existing datasets and contains 4986 data points, requiring 5931 single-point calculations. 82 of these 84 datasets (AE18 and RG10 are excluded from this study) are classified according to eight categories (or datatypes): NCED (non-covalent dimers (easy)), NCEC (non-covalent clusters (easy)), NCD (non-covalent dimers (difficult)), IE (isomerization energies (easy)), ID (isomerization energies (difficult)), TCE (thermochemistry (easy)), TCD (thermochemistry (difficult)), and BH (barrier heights). The number of data points (and datasets) in NCED, NCEC, NCD, IE, ID, TCE, TCD, and BH are 1744 (18) , 243 (12), 91 (5), 755 (12), 155 (5), 947 (15) , 258 (7), and 206 (8), respectively. "Difficult" interactions involve either self-interaction error or strong correlation, while "easy" interactions are not significantly characterized by either. Detailed information about the datasets can be found in Table 1 of Reference 25. All of the calculations are performed self-consistently with a development version of the Q-Chem 4 package 16 .
II. THEORY
The VV10 nonlocal correlation functional energy expression is given in Equation 1, and the associated nonlocal correlation (NLC) kernel, Φ, is defined in Equations 2-5, where R = |r − r ′ |, and primed variables are a function of r ′ rather than r.
(1)
The VV10 NLCF depends on two empirical parameters, b and C. The former controls the short-range damping of the r −6 asymptote, and the latter controls the accuracy of the long-range C 6 coefficients. While it is clear from Equation 1 that E V V 10 c and b are inversely related, it is generally true that E bind and b are inversely related, such that as b → ∞, the binding energy of the parent functional is recovered.
The difference between the VV10 and rVV10 NLCFs originates in the nonlocal correlation kernel. To elucidate the difference, the NLC kernel in Equation 2 can be rewritten in the form given in Equation 6 . Despite appearing more complicated, the approximation of setting √ κ κ ′ = 1 results in the simplified rVV10 kernel (Equation 7) and enables the use of the RPS procedure.
Vydrov and Van Voorhis originally paired the VV10 NLCF with rPW86 exchange and PBE correlation, and optimized the values of the two empirical parameters to b = 5.9 and C = 0.0093, giving the VV10 density functional. Sabatini and coworkers retained the value of C, as well as the exchange and correlation functionals, switched -V with -rV, and optimized b = 6.3 on the S22 dataset, to define the rVV10 density functional. Table I and Figure 1 contain the results for varying b across the S22 dataset for VV10, rVV10, B97M-V, and B97M-rV. The root-mean-square deviations (RMSD) are computed both with respect to the original functional (either VV10 or B97M-V), as well as the S22 reference values. Beginning with the comparison of VV10@b to VV10, the RMSD should be exactly 0 at the VV10 defined value of b = 5.9. The RMSD increases nearly linearly as one deviates from b = 5.9, at a rate of approximately 0.065 kcal/mol per 0.1 units of b. Moving on to the comparison of VV10@b to the S22 reference values, the minimum of VV10@b should be at 5.9, but it lies at about 6.05. There are two possible explanations for this discrepancy. First, the S22 reference values 28 (S22B) used here are slightly different from those employed in the original paper. However, the mean absolute deviation (MAD) between the two sets of reference values is only 0.012 kcal/mol. The other, more significant source of error is the choice of basis set, which was counterpoise-corrected (CP) augcc-pVTZ in the original paper, but non-counterpoisecorrected (noCP) def2-QZVPPD in this work. The MAD and mean signed error (MSE) between the former and latter results is 0.044 and 0.045 kcal/mol, respectively, meaning that the CP aug-cc-pVTZ results are systematically underbound compared to the noCP def2-QZVPPD results. This explains the optimization of b toward a slightly larger value. Regardless, the difference between the VV10@b=5.9 RMSD of 0.50 kcal/mol and the VV10@b=6.05 RMSD of 0.49 kcal/mol is insignificant.
III. RESULTS AND DISCUSSION
Comparing rVV10@b to VV10, the optimal value of b shifts from 5.9 to around 6.1, which is consistent with the finding of Sabatini and coworkers, namely that the rVV10 NLCF tends to systematically overbind compared to the VV10 NLCF. Therefore, a slightly larger value of b is warranted, as it helps reduce the overbinding. It is remarkable that with a value of b = 6.1 the RMSD of rVV10@b=6.1 vs. VV10 can be as small as 0.02 kcal/mol, while the RMSD for the rVV10 defined value of b = 6.3 is actually 0.14 kcal/mol relative to VV10. Nevertheless, this is because b = 6.3 was parameterized to minimize errors with respect to the S22 reference values, and not VV10. Considering the comparison of rVV10@b to the S22 reference values demonstrates that the value of b = 6.3 found by Sabatini and coworkers is indeed not far from the optimum value found in this work, which is 6.25.
Considering the B97M-V@b results, the minimum vs. B97M-V should be exactly 0 at b = 6, since that is the value used in the B97M-V density functional. Consistent with the trend witnessed with VV10@b, the RMSD increases linearly as one deviates from the defined value, at a rate of approximately 0.0625 kcal/mol per 0.1 units of b. Compared to the reference, however, the minimum for b is not at 6.0, but at 5.81. The explanation for this result is simply that B97M-V was parameterized using the aug-cc-pVTZ basis set without counterpoise corrections for non-covalent interactions, and closer to the basis set limit (e.g., noCP def2-QZVPPD) the binding energies will be smaller in magnitude, leading to the need for a smaller value of b. Nevertheless, the difference between the smallest possible RMSD (0.28 kcal/mol) and the b = 6 RMSD (0.31 kcal/mol), is only about 0.03 kcal/mol, so the basis set effect is not significant.
Moving on to the comparison of B97M-rV@b to B97M-V, the optimal value of b once again shifts to a larger value (6.2), further confirming that the rVV10 NLCF tends to bind systems more than the VV10 NLCF. The most interesting outcome appears in the comparison of the B97M-rV@b results to the S22 reference values. The optimal value of b is around 6 (6.02 to be more precise), which happens to be almost identical to the defined value of b for B97M-V. A fortuitous cancellation of errors accounts for this result. Closer to the basis set limit, B97M-V tends to be underbound, but the rVV10 NLCF overbinds relative to the VV10 NLCF.
Thus, the underbinding is offset by the overbinding, and a minimum near b = 6 is recovered. As a result of this assessment, the B97M-rV density functional will be defined as having a value of b = 6.
With the results of the S22 test in hand, seven functionals will be assessed on a database of 4399 data points (82 datasets). The first four functionals are based on the combination of the rPW86 exchange functional and the PBE correlation functional, and are rPW86PBE, rPW86PBE-V (b = 5.9), rPW86PBE-rV (b = 5.9), and rPW86PBE-rV (b = 6.3). The second and fourth functionals are already defined in the literature and are VV10 and rVV10, respectively. The third functional is rVV10@b=5.9, and it will be referred to as rVV10* for brevity. Although rVV10* uses a suboptimal value for b, it is included in the comparison in order to directly gauge the differences between the VV10 and rVV10 NLCFs, independent of the effect of different values of b. The other three functionals are based on the B97M-V functional, and are B97M (B97M-V with the VV10 NLCF correlation energy removed), B97M-V, and B97M-rV. Table II contains RMSDs for the 8 energetic datatypes found in the assessment database, as well as RMSDs for interpolated equilibrium bond lengths (EBL) and equilibrium binding energies (EBE) of 81 non-covalent dimers. Considering first the results for the functionals whose parent is rPW86PBE, it is noticeable that across VV10, rVV10*, and rVV10, the RMSD for the thermochemistry categories (TCE and TCD) changes negligibly. In fact, the most pronounced changes are seen in the categories that pertain to conventional closed-shell non-covalent interactions (NCED, NCEC, EBL, EBE) and isomerization energies (IE). This is a positive (and perhaps expected) result, because it indicates that minor modifications to the NLCF (either in the value of b or the kernel) do not have much of an effect on bonded interactions.
Going from VV10 to rVV10*, the NCEC RMSD increases from 8.02 kcal/mol to 8.48 kcal/mol, and this is solely due to the fact that VV10 is already overbound for molecular clusters (e.g., water hexamers), and changing the NLCF from -V to -rV (without altering the value of b) should worsen the overbinding and lead to a larger RMSD. This effect is confirmed in Table III , which contains mean signed errors for several NCED and NCEC datasets. For example, considering the hexamers in H2O6Bind8, the MSE for VV10 is -5.42 kcal/mol, but -5.68 kcal/mol for rVV10*. To see an even more pronounced effect, the water 20-mers in H2O20Bind10 can be analyzed. For this dataset, the MSE for VV10 is -22.68 kcal/mol, but -24.32 kcal/mol for rVV10*.
If the b value of rVV10@b were fit to reproduce VV10 results, the optimal value would be at b = 6.1, which is smaller than the rVV10 defined value of b = 6.3. When rVV10 itself is considered, the NCEC result improves even over VV10. The MSEs in Table III TABLE II . Root-mean-square deviations in kcal/mol for 8 energetic datatypes (NCED through BH), as well as interpolated equilibrium bond lengths (EBL) and equilibrium binding energies (EBE) for a set of 81 dimers. NCED stands for non-covalent dimers (easy), NCEC stands for non-covalent clusters (easy), NCD stands for non-covalent dimers (difficult), IE stands for isomerization energies (easy), ID stands for isomerization energies (difficult), TCE stands for thermochemistry (easy), TCD stands for thermochemistry (difficult), and BH stands for barrier heights. "Difficult" interactions involve either self-interaction error or strong correlation, while "easy" interactions are not significantly characterized by either.
H2O20Bind10 and the latter having an MSE of -22.68 kcal/mol. Regardless, both functionals are severely overbound for water clusters. The reason for this is ultimately due to the choice of the parent functional. In order to effectively combine -V or -rV with a parent functional, the latter should underbind hydrogen bonds and dispersion interactions in a similar fashion. In general, rVV10 is the best performing functional out of the three rPW86PBE-based dispersion-corrected functionals, followed by VV10, and then rVV10*. Table IV contains individual binding energies for the systems in the S22 dataset. Considering the results for the water dimer, it is clear that rPW86PBE is only slightly underbound (-4.87 kcal/mol vs. a reference of -4.99 kcal/mol), and that the three rPW86PBE-based dispersion-corrected functionals are overbound by about 10%. In fact, a value of b much larger than 10 is necessary to make the water dimer binding energies for these functionals match the reference. However, while a very large value of b may be suitable for strong hydrogen bonds, considering the binding energy of the methane dimer in Table IV indicates that rPW86PBE is not bound at all, and a value of b = 5.8 is necessary for rVV10 to recover the reference value of -0.53 kcal/mol. Furthermore, looking back to the S22 results in Table I , it is clear that the rVV10@b results would degrade by almost 50% if the value of b was increased from 6.3 to 7, so a value much larger than 10 will simply be unsuitable for different types of interactions.
Moving on to the results for the B97M-based functionals, it is once again evident that the performance for thermochemistry is unaffected by the choice of nonlocal correlation functional. For example, the TCE RMSDs for B97M-V and B97M-rV are both 3.57 kcal/mol, and for TCD, the values are 4.82 and 4.78 kcal/mol, respectively. In fact, the only substantial differences between B97M-V and B97M-rV come from standard non-covalent interaction binding energies (NCED and NCEC). Luckily, due to the cancellation of underbinding and overbinding identified earlier, NCED improves by about 10% when going from B97M-V to B97M-rV, and NCEC improves by nearly 30%. Looking at the values in Table III , the H2O20Bind10 MSE is 2.75 kcal/mol for B97M-V, yet only 1.24 kcal/mol for B97M-rV. Similarly, for the S66 dataset, the underbound MSE of 0.08 kcal/mol of B97M-V changes to a very slightly overbound MSE of -0.03 kcal/mol for B97M-rV. In fact, for all 6 datasets in Table III , the MSE decreases when going from B97M-V to B97M-rV.
For the rPW86PBE-based functionals, the hydrogenbonded systems in S22 prefer a large value of b, while for the dispersion-bound systems, a value around b = 6 is appropriate. It is interesting to see if the same is true for the B97M-based dispersion-corrected functionals. Contrary to rVV10, the optimal b value for B97M-rV@b for the methane dimer is around 5.5, while the optimal b value for the water dimer is around 6.3. Thus, it is clear that a parent functional that underbinds different types of non-covalent interactions to the same degree is important, since a single value of b is more suitable for different types of interactions. During their assessment of the VV10 NLCF, Hujo and Grimme 3 fit -V to the BLYP and revPBE semi-local GGA density functionals. The combination of revPBE and -V, termed revPBE-NL (or revPBE-V using the present notation), turned out to be significantly more accurate than VV10 for non-covalent interactions, by more than a factor of 2 in the WTMAD (weighted total mean absolute deviation of relative energies). The success of revPBE-NL is related to the fact that revPBE severely underbinds all of the systems in S22, with the MAD and MSE both equal to 5.29 kcal/mol (vs. 2.86 kcal/mol for rPW86PBE). In fact, the S22 MSE of revPBE is even larger than that of Hartree-Fock, which is 4.99 kcal/mol. For the methane dimer and water dimer, revPBE gives binding energies of 0.46 and -3.39 kcal/mol, respectively, while revPBE-NL gives binding energies of -0.48 and -4.66 kcal/mol, respectively. Thus, it is indeed important to either pick a suitable parent functional (as in revPBE-NL) or to simultaneously train the parent functional onto the nonlocal correlation functional (as in B97M-V).
Finally, despite the heavy computational cost of evaluating exact exchange for extended systems, it is inevitable that computational and algorithmic advances will facilitate the use of hybrid density functionals in periodic codes. Thus, it is likely that hybrid density functionals that incorporate the rVV10 nonlocal correlation functional will be utilized in future applications. While the two aforementioned, combinatorially optimized range-separated hybrid density functionals, ωB97X-V and ωB97M-V, use the VV10 NLCF, it is straightforward to optimize b on the S22 dataset in order to recommend optimal parameters for ωB97X-rV and ωB97M-rV. Following the same procedure used to produce Table I and Figure 1 , a value of b = 6.2 is recommended for both ωB97X-rV and ωB97M-rV.
IV. CONCLUSIONS
In summary, we recommend a value of b = 6 to define the B97M-rV density functional. B97M-rV is a small but significant modification to the B97M-V density functional, where the VV10 nonlocal correlation functional (NLCF) is replaced by the rVV10 NLCF. Since the rVV10 NLCF can be efficiently used in calculations on extended systems, it is important to establish that the change of NLCF does not adversely affect the performance of B97M-V. This work represents an important and necessary first step in validating B97M-rV on the types of systems that were used to train and test B97M-V. The results of this study indicate that since B97M-V is slightly underbound for dimers and clusters at the basis set limit, and since the rVV10 NLCF overbinds relative to the VV10 NLCF, B97M-rV actually improves upon B97M-V for non-covalent interactions. Moreover, comparisons of the VV10 and rVV10 NLCFs across the S22 dataset (as well as a comprehensive database of over 4000 data points) indicate that the rVV10 NLCF can seamlessly replace existing pa- The first set of interactions are dispersion-bound, the middle set of interactions are mixed, and the last set of interactions are hydrogen-bonded.
rameterizations involving the VV10 NLCF by increasing the value of b to compensate for the inherent tendency of the rVV10 NLCF to overbind relative to the VV10 NLCF. Although recent AIMD simulations of liquid water with B97M-rV have already yielded encouraging results across a large set of water properties 29 , it remains to further test the B97M-rV density functional for solids, liquids, and interfaces in order to see if its demonstrated accuracy for various molecular interactions extends to properties that are significantly different from those used to train its parameters.
